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E-boxProneural genes encode bHLH transcription factors that are key regulator of neurogenesis in both vertebrates
and invertebrates. How these transcription factors regulate targets required for neural determination and/or
speciﬁcation is beginning to be understood. In this study, we show that zebraﬁsh deltaA is a transcriptional
target of proneural factors. Using a combination of transient and stable transgenic reporters, we show that
regulation of deltaA by one such proneural factor, Ngn1, requires three clustered E-box binding sites that act in
a non-redundant manner. Furthermore, we show that as for other proneural targets, members of the different
proneural families regulate deltaA expression via distinct cis-regulatory modules (CRMs). Interestingly,
however, while the deltaA CRM regulated by a second proneural factor, Ascl1, has been conserved between
delta genes of different species, we show that the Ngn1 CRM has not. These results suggest that evolutionary
constraints on the mechanism by which Ngn1 regulates gene expression appear less strict than for Ascl1.l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The central nervous system of both vertebrates and invertebrates
is capable of highly complex functions. This is achieved thanks to the
staggering variety of neurons that compose it and the circuitry into
which these neurons are integrated. The development of the CNS
requires that the appropriate neurons be born at the correct times and
places and in the correct numbers. A keymolecular step in this process
is the expression of so-called proneural genes, which are both
necessary and sufﬁcient for the formation of neurons, and are highly
conserved from invertebrates to humans (Powell and Jarman, 2008).
Proneural genes encode basic-Helix–Loop–Helix (bHLH) tran-
scription factors. In the developing nervous system, two large families
of proneural genes have been identiﬁed on the basis of sequence
homology in the bHLH domain with either Drosophila Atonal (Ato) or
members of the Achaete–Scute family (Asc); the so-called Ato family
can be further subdivided based on more subtle differences in the
bHLH sequences (Bertrand et al., 2002). Interestingly, despite
comparable molecular structures and roles during neurogenesis, Asc
and Ato-like proteins display functional speciﬁcity with respect to the
type of neurons they are involved in generating. For instance, while
misexpression of Atonal in Drosophila predominantly induces the
generation of ectopic chordotonal organs, Scute misexpression
induces the formation of ectopic external sense organs (Chien et al.,1996). Similarly, reciprocal knock-in experiments inmice have shown
that Mammalian achaete–schute Homolog 1 (Mash1 or Ascl1) and
Neurogenin 2 (Ngn2), respectively homologues of the Drosophila
achaete–scute and atonal genes, also have divergent functions (Parras
et al., 2002). Moreover, in zebraﬁsh overexpression of Ngn1 but not
Ascl1a leads to formation of ectopic Rohon–Beard sensory neurons in
the non-neural ectoderm (RM and PB, unpublished observations;
(Blader et al., 1997). These results argue that while members of the
Ascl and Ngn families share common transcriptional targets impli-
cated in the generation of generic or immature neurons, in parallel
they also direct the expression of distinct, non-overlapping sets of
targets that impose aspects of speciﬁc neural identity on these
neurons (Bertrand et al., 2002; Guillemot, 2007). Understanding how
different bHLH proneural proteins regulate their targets is beginning
to shed light on the molecular mechanisms that underlie the different
activities of these factors (Powell and Jarman, 2008).
For the most part, proneural factors regulate transcription as
heterodimers with ubiquitously expressed partners, or E proteins.
Such heterodimers bind to the general consensus CANNTG, known as
E-boxes, in the genomic sequence ﬂanking target genes. Accumulated
evidence suggests that different proneural/E-protein dimers display
preferences for the two variable nucleotides in the E-box sequence
(Bertrand et al., 2002; Powell et al., 2004). Nevertheless, this alone is
unlikely to explain the divergent functions of the Ato and Asc families
as, given their small size, even speciﬁc E-boxes are overrepresented in
the genome relative to the number of proneural targets. Insights into
the mechanisms underlying the distinct regulatory activities of
different proneural factors have been provided by studies of the
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loci. Both invertebrate and vertebrate proneural factors regulate the
expression of genes of the Delta family of transmembrane Notch
ligands (Castro et al., 2006; Haenlin et al., 1994; Henke et al., 2009;
Kunisch et al., 1994). Dissection of the regulatory DNA upstream of the
mouse Delta1 gene, a common target of both Ascl1 and Ngn2,
identiﬁed two elements, HI and HII, that are capable of driving
reporter gene expression in a subset of the pattern of expression of the
endogenous Delta1 gene, and that display high sequence identity to
regions located upstream of the zebraﬁsh deltaD gene (Beckers et al.,
2000). Functional analysis in zebraﬁsh has shown that, while HI is a
CRM speciﬁcally responsive to Ngn1, HII is only regulated by Ascl1a/b
(Hans and Campos-Ortega, 2002).
More recently, Delta1 regulation in the mouse has been shown to
involve synergistic interaction between Ascl/E12 heterodimers and a
POU-domain transcriptional co-factor via a conserved octamer
binding site located between the E-boxes in HII (Castro et al., 2006).
The presence of an Ascl/POU consensus sequence in the regulatory
regions of other Ascl targets suggests that there is a conserved logic
for Ascl regulatory activity. For Ngn, however, things are less clear. It
has been shown that Ngn2 and NeuroM synergise with LIM home-
odomain containing transcription factors for the regulation of HB9
expression during speciﬁcation of motorneurons (Lee and Pfaff,
2003). In addition, sequence analysis of the genomic DNA ﬂanking
genes identiﬁed by transcriptome analysis to be up-regulated by Ngn
has highlighted potential Ngn-regulated CRMs containing E-boxes
and potential transcriptional cofactor binding sites, including those
for POU-domain transcription factors (Gohlke et al., 2008; Mattar
et al., 2004; Seo et al., 2007). However, mutating these potential
cofactor sites has no effect on the Ngn-responsiveness of these
predicted CRMs (Seo et al., 2007).
In the hope of identifying an underlying code to Ngn regulation of
its targets, as has been shown for at least 21 genes by Ascl1 in the
mouse, we have dissected the upstream regulatory regions of the
zebraﬁsh deltaA gene; such a code can be thought of as a minimum
combination of Ngn binding sites and associated co-factors that
comprise a “generic” Ngn-responsive CRM. Here, we show that deltaA
is a bona ﬁde proneural target and provide evidence that, as for deltaD,
members of the Ngn and Ascl families regulate deltaA via distinct
CRMs. However, while the Ascl responsive CRM is conserved between
deltaA, deltaD and Delta1 conservation of a minimum CRM regulated
by Ngn1 could not be found for the three genes. Finally, we have
identiﬁed an Ngn-responsive CRM for deltaA, and show that it
functions via the non-redundant activity of three clustered E-boxes.
Materials and methods
Fish lines and developmental conditions
Embryos were raised and staged according to standard protocols
(Kimmel et al., 1995). Embryos homozygous for ngn1hi1059 mutations
were obtained by intercrossing heterozygous carriers (Golling et al.,
2002); adults heterozygous for the ngn1hi1059 allele were identiﬁed by
PCR genotyping of tail-clip genomic DNA. Heat-shocks were
performed in a water bath at 38.5 °C. Embryos were ﬁxed overnight
at 4 °C in 4% paraformaldehyde/1× PBS, after which they were
dehydrated through an ethanol series and stored at−20 °C until use.
In situ hybridization and immunostaining
In situ hybridizations were performed as previously described
(Oxtoby and Jowett, 1993). Antisense DIG labelled probes for ngn1
(Blader et al., 1997), gfp (Blader et al., 2003), deltaA and deltaD
(Haddon et al., 1998) were generated using standard procedures. In
situs were revealed using either BCIP and NBT (Roche) or Fast Red
(Roche) as substrate. Immunohistochemical stainingswereperformedaspreviously described (Masai et al., 1997), using either anti-GFP (1/1000
Torrey Pines Biolabs) or anti-Myc (1/10, “9E10”) (Evan et al., 1985) as
primary antibodies andAlexa488-conjugatedgoat anti-rabbit IgGorgoat
anti-mouse IgG (1/1000) as secondary antibodies (Molecular Probes).
Plasmid construction
Tg(hs:ngn1) or Tg(hs:myc-ngn1) transgenes: In a ﬁrst step, the
previously reported zebraﬁsh hsp70 promoter (Halloran et al., 2000)
was ampliﬁed by PCR and used to replace the CMV enhancer promoter
of pCS2:CFP (a gift from Dr. U. Strähle). Subsequently, the coding
region of CFP was replaced by a fragment containing the ngn1 or
myc-ngn1 open reading frame (Blader et al., 1997). The resulting
hs:ngn1 or myc-ngn1 cassettes were then transferred into pI-SceI,
which has been described to enhance the frequency of stable
transgenesis and minimise the mosaicism in transient transgenesis
(Thermes et al., 2002).
deltaA promoter:reporter plasmids: A previously described genomic
phage library was screened using a PCR fragment corresponding to the
5′UTR of deltaA (Appel and Eisen, 1998; Stachel et al., 1993). From a
positive clone, a 10 kilobases BamHI genomic fragment extending 5′
from 75 basepairs upstream of the deltaA ATG was subcloned into
pBluescript. Upstream deletions were made in this fragment by
replacing restriction fragments with oligonucleotide linkers containing
a NotI restriction site; the resulting plasmids are pBL:7.1delA,
pBL:4.5delA, pBL:2.9delA and pBL:1.6delA. In parallel, a 75 basepair PCR
fragment corresponding to the genomic DNA between the BamHI
restriction site and the deltaA ATG was subcloned upstream of
Chloramphenicol Acetyl Transferase (CAT), β-Galactosidase (βGal)
and GFP:SV40pA cassettes; while CAT and βGal cassettes were in
pBluescript, the corresponding GFP cassette was in pI-SceI. Finally, the
7.1, 4.5, 2.9 and 1.6 kilobase delA fragmentswere subclonedNotI/BamHI
into the various 0.75delA:reporter vectors. Further 5′ deletions of the
4.5delA:reporter fragments and mutations in the various E-boxes were
made by replacing a NotI/SphI fragment in the original 4.5delA:reporter
clone, corresponding to the genomic DNA from 4.5 to 2.9 kilobases
upstream of the deltaA ATG, with an appropriately modiﬁed PCR
fragment. The ampliﬁed DNA fragments were subsequently sequenced.
Plasmid Injection and establishment of transgenic lines
To establish stable transgenic lines, pI-SceI-hs:ngn1 and the various
pI-SceI-deltaA:gfp plasmids were injected into 1-cell stage embryos
with I-SceI meganuclease to maximize the number of integration
events (0.5× I-SceI Buffer, 10% I-SceI enzyme). Similarly, for transient
expression of Myc-Ngn1, pI-SceI-hs:myc-ngn1was injected with I-SceI
meganuclease. Stable transmission of the Tg(hs:ngn1) transgene was
detected by PCR genotyping using genomic DNA extracting from at
least 50 F1 embryos. In subsequent generations, PCR genotyping of
adult carrierswas performed on tail-clip genomicDNA; Transgenic lines
for the various delA promoter:reporter constructs were identiﬁed by
GFPﬂuorescence. At least two independent insertionswere analysed for
each transgenic construct.
CAT and βGal ELISA assay
The various pBLdelA:CAT plasmids were co-injected with
pBL7.1deltaA:lacZ (20 ng/μl) and synthetic mRNA encoding either
ngn1 or ascl1a (500 ng/μl). The number of copies of the different CAT
plasmids injected was normalised as a function of the length of the
various constructs. mRNAs were produced using a mMessage
Machine SP6 kit following the manufacturer's instructions (Ambion,
Inc). Injected embryos were allowed to develop to 10 hpf at which
stage total proteins were extracted and the relative levels of CAT and
βGal expression were determined as previously described using a
commercially available ELISA kit (Hans and Campos-Ortega, 2002;
Fig. 1. Loss of Ngn1 function leads to loss of deltaA and deltaD expression.Whole-mount
in situ hybridization against ngn1 (A), deltaD (B, C) or deltaA (D, E) in zebraﬁsh embryos
at 11 hpf. Expression in wild type embryos show that ngn1, deltaD and deltaA share
similar expression patterns (A, B, D). In ngn1 mutant embryos (C, E), deltaD and deltaA
expression is strongly reduced in the anterior neural plate; this is most notable for the
trigeminal ganglia (black arrows in B–E) and the medial clusters in rhombomeres 2 and
4 (white arrowheads in B–E). Embryos are viewed dorsally with anterior up.
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and not absolute protein levels. Each construct was tested three times
and for each test the complete series of constructs to be comparedwas
injected. In order to render the different CAT levels comparable, βGal
levels from the pBL7.1deltaA:lacZ internal standard for all the injected
construct in one replicate series were ﬁrst set to a ﬁxed value and the
factor required for this adjustment was applied to the corresponding
CAT levels. Subsequently, the ratios of the CAT levels within each
replicate were calculated relative to the pBL7.1deltaA:CAT of the
replicate. Statistical analysis of the CAT ratios was performed after all
values had been normalised in this manner.
Electrophoretic mobility shift assays
Oligonucleotide probes were labelled with T4 polynucleotide
kinase and [γ-32P] ATP (New England Biolabs). Ngn1, Ascl1a and
E12 proteins were produced by coupled in vitro transcription and
translation in wheat germ lysates (TNT, Promega). Proteins were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) to ensure
synthesis and equal loading. For electrophoretic mobility shift assays
(EMSA), proteins were incubated at room temperature for 30 min
with 20 ng of labelled probe and 1 μg poly dI–dC in 20 μl binding
reactions (5% glycerol, 5 mM HEPES buffer[pH 7.9], 2.5 mM MgCl2,
5 mM EDTA, 5 mM NaCl, 2.5 mM DTT, and 1 mg/ml BSA). The
mixtures were then loaded onto 4% non-denaturing polyacrylamide
gels in 0.25× TBE running buffer. Competition experiments were
performed in a 100× excess of unlabeled probes. Limiting probe
concentrations were used in order to avoid super-shifting, thus
allowing easy comparison between the effects of different mutations.
Oligonucleotide probes for EMSA analysis are listed below. The E-
boxes are underlined and the mutated nucleotides are indicated in
lowercase (only sense oligos are listed):
delA
CTGGGTTGCAGATGGAAGGGCATCTGCTGTGTAAAACATATG
CTGGATAA
delAm3–5
CTGGGTTGtgGATGGAAGGGtgTCTGCTGTGTAAAAtgTATG
CTGGATAA
delAm3
CTGGGTTGtgGATGGAAGGGCATCTGCTGTGTAAAACATATG
CTGGATAA
delAm4
CTGGGTTGCAGATGGAAGGGtgTCTGCTGTGTAAAACATATG
CTGGATAA
delAm5
CTGGGTTGCAGATGGAAGGGCATCTGCTGTGTAAAAtgTATG
CTGGATAA
delAm3/4
CTGGGTTGtgGATGGAAGGGtgTCTGCTGTGTAAAACATATG
CTGGATAA
delAm3/5
CTGGGTTGtgGATGGAAGGGCATCTGCTGTGTAAAAtgTATG
CTGGATAA
delAm4/5
CTGGGTTGCAGATGGAAGGGtgTCTGCTGTGTAAAAtgTATG
CTGGATAA
Results
deltaA behaves like a transcriptional target of Ngn1
At 11 h post-fertilisation (hpf), the expression of neurogenin1 (ngn1)
preﬁgures the site of formation of primary neurons in the zebraﬁshneural plate (Fig. 1A and (Blader et al., 1997; Korzh et al., 1998). The
Ngn1 target gene deltaD is expressed in an analogous pattern in the
neural plate at this stage (Fig. 1B and (Haddon et al., 1998); unlike ngn1
expression, which is restricted to the nervous system, deltaD expression
is also detected in the pre-somiticmesoderm (Haddon et al., 1998; Hans
and Campos-Ortega, 2002). A second zebraﬁsh delta gene, deltaA, also
displays a pattern of expression highly reminiscent of ngn1 in the neural
plate at this stage of development suggesting it is a Ngn1 target (Fig. 1D
and (Appel and Eisen, 1998; Haddon et al., 1998). Consistent with this
idea, and in amanner similar to deltaD, the expression of deltaA is down-
regulated in the anterior and lateral neural plate of ngn1 mutant
embryos at 11 hpf (Fig. 1C, E and (Cornell and Eisen, 2002).
We reasoned that if deltaA, like deltaD, is a transcriptional target of
Ngn1, ectopic expression of Ngn1 should lead to the induction of
deltaA transcription. In order to address this further, we established a
stable transgenic line in which the ngn1 coding region is placed under
the control of the hsp70 promoter, Tg(hs:ngn1). Transgenic embryos
rapidly and ubiquitously express ngn1 transcripts shortly after heat-
shock (data not shown). As expected for a validated Ngn1 target, heat-
shock at 7 hpf induces the ubiquitous expression of deltaD at 10 hpf
(Fig. 2A, B). Similarly, widespread expression of deltaA is detected
under the same heat-shock conditions (Fig. 2E, F). Furthermore, both
deltaD and deltaA expression can be induced in as little as 15 min after
15 min of heat-shock (Fig. 2C, G). Finally, transient, mosaic expression
of a similar hsp70-driven transgene in which Ngn1 has been epitope-
tagged shows that the induction of both deltaD and deltaA is cell
autonomous (Fig. 2D, H). Taken together, the similarity of expression
Fig. 2. Activation of deltaA and deltaD by Ngn1 is rapid and cell autonomous.Whole-mount in situ hybridization against deltaD (A–D) and deltaA (E–H) in embryos at 9 hpf (C, G) or 10
hpf (A, B, D, E, F, H). Tg(hs:ngn1) embryos heat-shocked at 7 hpf display ectopic expression of deltaD and deltaA 2 h after treatment (B, F). Similarly, mis-expression of Ngn1 at 8.5 hpf
induces deltaD and deltaA expression in as little as 30 min (C, G). Single confocal sections of the neural plate at 10 hpf show that mosaic mis-expression of a Myc-tagged form of Ngn1
(in green) induces deltaD and deltaA (in red) in an apparently cell autonomous manner (D, H); nuclei are labelled with Topro (blue) to show that there are cells in the ﬁeld of view
that do not express Ngn1-myc or delta and that induced delta transcripts form a halo around the Ngn1-myc positive nucleus. Embryos are viewed dorsally with anterior up.
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deltaA, like deltaD, is a direct transcriptional target of Ngn1.
Genomic region upstream of deltaA responds to Ngn1
Comparison of the upstream genomic sequences of the zebraﬁsh
deltaD gene and mouse Delta1 genes revealed two distinct blocks of
conserved sequence, HI and HII, containing couplets of E-boxes that
are directly regulated bymembers of the Ngn (referred to as DeltaN in
Castro et al., 2006) and Ascl (referred to as DeltaM in Castro et al.,
2006) families of proneural factors, respectively (Beckers et al., 2000;
Castro et al., 2006; Hans and Campos-Ortega, 2002). Surprisingly,
while sequence comparison between the zebraﬁsh deltaA and deltaD
genomic loci and the mouse Delta1 locus reveals conservation of the
two E-boxes and intervening sequence activated by members of the
Ascl family (from 86% to 93% conserved depending on the gene pairs
being compared), conservation of the corresponding CRM regulated
by Ngn1 is only observed between deltaD and Delta1 (95% conserved,
Fig. 3A).
Lack of DeltaN conservation at the deltaA locus suggests that the
molecular logic of Ngn1 transcriptional regulation of deltaA is
different from that of deltaD and Delta1. In order to gain insights
into how Ngn1 regulates deltaA, we used a previously described
transient mis-expression system to identify deltaA CRMs regulated by
Ngn1 (Hans and Campos-Ortega, 2002; Vize, 1996). First, we
generated reporter constructs containing a series of 5’-deletions in a
7.1 kb genomic DNA located immediately upstream of the transla-
tional start-site of deltaA fused to the coding region of the
chloramphenicol acetyl transferase (CAT) gene (Fig. 3B). These delA:
CAT reporters were co-injected into fertilised zebraﬁsh embryos with
synthetic mRNAs encoding proneural factors and the level of CAT
expression was determined at 10 hpf; levels of CAT expression were
normalised against a co-injected lacZ reporter construct containing
the full-length genomic fragment (7.1delA:lacZ; Fig. 3B). As an initial
control for the approach, both the 7.1delA and 1.6delA:CAT reporter
constructs were tested in co-injectionwithmRNA coding for zebraﬁsh
achaete–scute-like 1a (Ascl1a). Signiﬁcant reporter expression was
detected from both constructs after co-injection presumably as bothconstructs contain the conserved Ascl CRM (Fig. 3C); in the absence of
ascl1a RNA, no CAT or βGal expression was detected (data not
shown). Furthermore, when normalised against βGal the level of
induced CAT expression was highly reproducible for both constructs
indicating that this assay is robust and suggesting that the DeltaM-like
sequence upstream of deltaA behaves as a bona ﬁde Ascl-regulated
CRM (Fig. 3C). We next co-injected the various deltaA:CAT reporters
with the 7.1delA:lacZ and Ngn1 encoding mRNAs. As can be seen in
Fig. 3D, while the 4.5delA:CAT reporter displays activity similar to the
full length fragment, CAT expression was signiﬁcantly reduced when
driven off the 2.9delA and 1.6delA genomic fragments. These results
suggest that an Ngn1-responsive CRM is located between −2.9 and
−4.5 kb upstream of the deltaA coding region. Furthermore, we
conclude that members of the Ngn and Ascl families of proneural
factors regulate deltaA via distinct CRMs as Ascl1a but not Ngn1 was
able to induce CAT expression from the 1.6delA genomic fragment.
To conﬁrm the Ngn1-responsive CRM activity identiﬁed using the
mis-expression approach and analyze the spatio-temporal expression
drive by this element, we generated stable transgenic lines carrying
Green Fluorescent Protein (GFP) under the control of the 4.5delA
genomic fragment, Tg(4.5delA:gfp). The pattern of GFP driven by the
transgene was highly reminiscent of the pattern of endogenous deltaA
transcription throughout the central nervous system at 24 hpf (Fig.
4A–C and data not shown); a notable exception is the dorsal limit of
the hindbrain that expresses deltaA but where GFP was not detected.
In parallel, we compared the pattern of gfp transcripts driven by the
Tg(4.5delA:gfp) transgene with endogenous deltaA. Here again, with
the exception of the dorsal hindbrain, the expression patterns were
remarkable similar (Fig. 4D vs. Fig. 4E). We also generated a
transgenic line in which GFP activity is driven by the 2.9delA fragment,
Tg(2.9delA:gfp). The expression of gfp transcripts from the shorter
transgene is less robust than from Tg(4.5delA:gfp) (Fig. 4E vs Fig. 4 F).
While this difference is suggestive of a ngn1-responsive CRM being
located in the genomic interval between 4.5 and 2.9 kb upstream of
deltaA, it is possible that the −4.5 to −2.9 kb fragment is only
required to amplify the activity of the Ascl-responsive CRM in an
Ascl1a/b-dependentmanner. To address this possibility, we compared
the expression of the two transgenes with the endogenous deltaA
Fig. 3. Ngn1 and Ascl1a regulate deltaA expression via distinct cis-regulatory modules.(A) Schematic representation of deltaA, deltaD and Delta1 loci highlighting conservation of DeltaN
(pink) and DeltaM (green) sequences, which are regulated by Ngn and Ascl, respectively; the E-boxes (red) and POU binding sites (blue) are highlighted in the respective sequences.
(B) Schematic representation of the deltaA reporter gene constructs. (C, D) Histograms showing the ratio of CAT levels after the mis-expression various promoter:reporter constructs.
Assays of CAT expressionare normalized against the7.1deltaA:LacZ; the ratioof activated7.1deltaA:CAT:7.1deltaA:LacZwas arbitrarily set to one. Embryoswere injected at the one-cell stage
with 7.1deltaA:LacZ, a CAT reporter gene construct and synthetic mRNA for either ascl1a (C) or ngn1 (D). Error bars represent s.d. *Pb0.05; **Pb0.001; ***Pb0.0005 using a t-test.
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achaete–scute genes is active but ngn1 is already expressed (Allende
andWeinberg, 1994; Blader et al., 1997; Korzh et al., 1998). While the
Tg(4.5delA:gfp) transgene is expressed in a pattern virtually identical
to deltaA, no expression from the Tg(2.9delA:gfp) transgene is detected
at this stage (Fig. 4G, H, J). Finally, we analysed the responsiveness of
the two transgenes to mis-expression of Ngn1. While heat-shock
induced expression of gfp was not detected in Tg(2.9delA:gfp)/Tg
(hs:ngn1) embryos (Fig. 4K), ubiquitous gfp expression was detected
in double Tg(4.5delA:gfp)/Tg(hs:ngn1) transgenic embryos after heat-
shock (Fig. 4I). Altogether, results from our transient mis-expression
analysis and stable transgenic lines strongly suggest that a CRM is
located between−4.5 and−2.9 kb upstream of deltaA that responds
to Ngn1.
Ngn1 regulates deltaA expression via the activity of at least 3 E-boxes
To reﬁne the Ngn1 CRM within the genomic region between 4.5
and 2.9 kb upstream of deltaA, we generated three 5′ deletions of the
4.5delA fragment, fused them to the CAT reporter and tested their
activity in the mis-expression system (4.2delA, 3.8delA and 3.4delA).
None of these deletions affected the capacity of the resultant fragment
to respond to Ngn1 suggesting that the Ngn1 CRM is located in
475 bps between −3.4 and −2.9 kb upstream of deltaA (data not
shown).
Proneural genes encode bHLH transcription factors that regulate
gene expression via 6 base-pair (bps) sequences known as E-boxes
(CANNTG) in the genomic DNA ﬂanking of their targets. We identiﬁed
5 E-box sequences in the genomic fragment that is responsive to Ngn1
mis-expression (Fig. 5A); two E-boxes are relatively isolated (E1 and
E2) whereas the remaining three E-boxes are found clustered in 34 bp(E3, E4 and E5). To address the relative function of these E-boxes, we
generated a series of 3.4delA fragments harbouring mutations in
individual E-boxes (Fig. 5B). Mutation of either E-box E1 or E2 had
little effect on the responsiveness of the 3.4delA fragment to Ngn1
mis-expression (3.4mE1 and 3.4mE2; Fig. 5B). Strikingly, however,
mutations in any one of the clustered E-boxes reduced the activity of
the fragment to levels similar to those detected with the 2.9delA
fragment (3.4mE3, mE4 or mE5; Fig. 5B). Finally, we generated a
3.4delA fragment carrying mutations in either the three clustered
E-boxes (3.4mE3–5) or in all ﬁve E-boxes (3.4mE1–5). No signiﬁcant
reduction in the activity of these twomutated fragmentswas detected
relative to the single E-box mutations or the 2.9delA fragment
(Fig. 5B).
As before, we conﬁrmed our results from transientmis-expression by
generating stable transgenic line for each of the three individual E-box
mutations, Tg(4.5delAmE3:gfp), Tg(4.5delAmE4:gfp), Tg(4.5delAmE5:gfp),
as well as the triple mutation, Tg(4.5delAmE3–5:gfp. As can been seen in
Fig. 5, expression of GFP in these E-box mutated transgenic lines was
indistinguishable from the Tg(2.9delA:gfp)(Fig. 5C–H). Thus, from our
transient mis-expression analysis and stable transgenesis data, we
conclude that the activity of three clustered E-boxes is required for
transcriptional regulation of deltaA by Ngn1.
Differential E-boxes afﬁnities suggest that cooperative Ngn1 binding is
required for deltaA expression
Three explanations can be envisaged for the all-or-nothing activity
of the clustered E-boxes in the Ngn1-regulated CRM; the three
E-boxes need to be occupied for CRM activity (threshold), each E-box
is required for correct loading of the Ngn1 onto the remaining E-boxes
in the CRM (loading) or a combination of these two possibilities. To
Fig. 4. A ngn-regulated cis-regulatory module is located between −2.9 and −4.5 kb upstream of deltaA.(A–C) Confocal projections of double in situ/immunolabelling showing
extensive overlap in the expression of endogenous deltaA mRNA and GFP protein expression in Tg(4.5delA:GFP) embryos at 24 hpf; a notable exception is the dorsal limit of the
hindbrain that expresses deltaA but where GFP is not detected (white arrows in C). (D–F) Whole-mount in situ hybridization against deltaA (D) or gfp in Tg(4.5delA:GFP) (E) versus
Tg(2.9delA:GFP) (F) transgenic embryos at 24 hpf. The shorter transgene drives gfp expression in a signiﬁcantly more restricted pattern. (G, H) The expression of endogenous deltaA
and GFP expression in Tg(4.5delA:GFP) embryos at 10 hpf are highly similar. (H–K)Mis-expression of Ngn1 induces ectopic expression of gfp in 10 hpf Tg(4.5deltaA:GFP) embryos but
not in stage-matched Tg(2.9deltaA:GFP) embryos. Embryos at 24 hpf are mounted with anterior to the right; the brain is viewed dorsally and the trunk and tail are viewed laterally
with dorsal part up; at 10 hpf, embryos are viewed dorsally with anterior up.
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CRM, we analysed the binding of Ngn1 to the three clustered E-boxes
using a gel mobility shift assay. As can be seen in Fig. 6, in vitro
translated Ngn1 and its partner E12 bind to a probe containing the
three intact E-boxes (delA; Fig. 6A). Furthermore, binding can be
efﬁciently competed with an excess of unlabelled wildtype probe but
not probe containing mutations in the three E-boxes (Fig. 6A).
Similarly, Ngn1/E12 binding is eliminated if the three E-boxes are
mutated (delAmE3–5; Fig. 6C). Finally, Ascl1a/E12 heterodimers bind
very weakly to the wild type probe attesting to the speciﬁcity of this
element for Ngn1 (Fig. 6C).
Next, using probes carrying mutations in couplets of E-boxes we
addressed the intrinsic binding afﬁnity of Ngn1/E12 heterodimers to
individual E-boxes. Interestingly, while our transgenesis experiments
suggest that each of the three E-boxes is required in a similar manner
for transgene activity in vivo, there are signiﬁcant differences in the
speciﬁc capacity of each E-box to bind Ngn1/E12 in vitro. Thus, while
Ngn1/E12 heterodimers bind strongly to E4 (delAmE3/5), they bind
less well to E5 (delAmE3/4) and virtually no binding is detected to E3
(delAmE4/5; Fig. 6B). In parallel, we addressed the effect of mutating
single E-boxes on the overall binding to the two remaining E-boxes.
Mutations in distinct E-boxes also have differential effects on Ngn1/
E12 binding in vitro. For instance, while mutating either E3 or E5 has
little effect (delAmE3 and delAmE5), mutating E4 signiﬁcantly reduces
Ngn1/E12 binding to the probe (Fig. 6C). As the binding seen in thesingle E4 mutation is similar to that of the double E3/4 mutation, this
conﬁrms that binding to E3 is weak. Interestingly, however, the E4 site
alone (delAmE3/5) binds less well than the E3 and E4 sites together
(delAmE5) suggesting that E4 cooperates in the loading of E3. Finally,
binding to E5 alone (delAmE3/4) is similar to binding to E3 and E5
together (delAmE4) suggesting that these sites do not cooperate
during the loading of Ngn1/E12 (Fig. 6B, C).
In conclusion, our in vitro results suggest that there are distinct
intrinsic capacities for each E-box. Furthermore, E4 appears to be
required for strong Ngn1/E12 binding on E3 and E5; in the absence of
E4, E3 and E5 are not able to cooperate for loading. Finally, the
absolute requirement for E3 in vivo and the weak binding of Ngn1/E12
heterodimers to this site in vitro suggests that activity of the deltaA
Ngn1 CRM requires interaction between the E-boxes. Thus, both
loading and threshold factors appear to be important for deltaA Ngn1
CRM activity.
Discussion
Proneural transcription factors regulate generic neurogenesis as
well as the speciﬁcation of speciﬁc subtypes of neurons (Bertrand
et al., 2002; Chien et al., 1996; Guillemot, 2007; Parras et al., 2002). It
has become clear that the functional differences between proneural
genes relative to the subtypes of neurons they specify reﬂect that
these transcription factors regulate overlapping but distinct groups of
Fig. 5. E-boxes are required for the transcriptional regulation of deltaA by Ngn1.(A) Nucleotide sequence of genomic DNA located between−3.4 and−2.9 kb upstream of the DeltaA
coding region. Yellow boxes highlight the ﬁve E-boxes in this sequence. (B) Histogram showing the ratio of CAT levels after the mis-expression of various promoter:reporter
constructs and synthetic ngn1 mRNA. CAT expression levels were normalized against LacZ driven off the 7.1deltaA:LacZ fragment. (C–H) Confocal projections after
immunohistochemical detection of GFP showing expression in the anterior neural tube in a series of stable transgenic embryos at 24 hpf. Whereas Tg(4.5deltaA:GFP) embryos
show strong and widespread GFP expression (C) the Tg(2.9deltaA:GFP) transgene drives weaker GFP expression in a more restricted pattern (D). Transgenic lines where individual
E-box (E–G) or the three clustered E-boxes were mutated (H) display GFP expression similar to Tg(2.9deltaA:GFP). Embryos are viewed dorsally and mounted with anterior to the
right. Error bars represent s.d. *Pb0.05; **Pb0.001; ***Pb0.0005 using a t-test.
204 R. Madelaine, P. Blader / Developmental Biology 350 (2011) 198–207targets. While a conserved mechanism of transcriptional regulation
has been described for 21 Ascl targets, how other proneural genes
regulate target expression is less well understood (Castro et al., 2006).
We have identiﬁed a Ngn1-regulated cis-regulatory module (CRM)
upstream of deltaA that is different from previously described Ngn
CRMs in that it functions via the non-redundant activity of three
E-boxes. Here, we discuss the regulatory architecture of the deltaA
gene in light of recent results from other systems.
Using a transient mis-expression strategy coupled with stable
transgenesis, we have identiﬁed proneural responsive CRMs in the
upstream regulatory regions of zebraﬁsh deltaA. Similar to other
common targets of multiple proneural factors, we have found distinct
CRMs that are regulated by Ngn1 and Ascl1a/b (Beckers et al., 2000;
Hans and Campos-Ortega, 2002). While we show that a transgene
containing 4.5 kb of deltaA upstream sequence drives expression of a
GFP reporter in a pattern for themost part identical to the endogenous
deltaA gene, one notable exception is the dorsal region of the
hindbrain, or rhombic lip, which expresses endogenous deltaA but
not the Tg(4.5delA:gfp) transgene. Neither ngn1 nor ascl1a/b are
expressed in this region of the brain. However, the proneural gene
atoh1a is strongly expressed in this domain (Elsen et al., 2008;
Volkmann et al., 2008); atoh1a is also expressed during the
differentiation of hair cells in the developing otic vesicle and lateral
line, two tissues which also express endogenous deltaA but not the Tg
(4.5delA:gfp) transgene (RM and PB, unpublished observations; Aman
and Piotrowski, 2008; Lecaudey et al., 2008; Millimaki et al., 2007).
This suggests that, despite Ngn1 and Atoh1a displaying a high degree
of similarity in their bHLH domains, Atoh1a apparently cannot
activate transcription through the Ngn1 CRM of deltaA. Interestingly,it has recently been shown that at the rhombic lip, the mouse
orthologue of zebraﬁsh Atoh1a functions speciﬁcally in a heterodimer
with the atypical E-protein Tcf4 (Flora et al., 2007; Wang et al., 2005).
Taken together, this suggests that Atoh1a/Tcf4 heterodimers recog-
nises a CRM distinct from either the Ngn or Ascl CRMs described here
and which is not present in the 4.5 kb region upstream of deltaA.
However, it is also possible that themissing CRM active in the rhombic
lip and posterior lateral line primordium recognises bHLH proneural
factors other than Atoh1a.
Proneural-regulated CRMs tend to contain multiple E-boxes (this
study and Castro et al., 2006; Hans and Campos-Ortega, 2002; Heng
et al., 2008). Indeed, genome-wide searches based on a “multiple
generic E-boxes” criteria have been usedwith some success to identify
potential proneural CRMs at target gene loci (Seo et al., 2007).
Nonetheless, the importance of individual E-boxes in cluster-contain-
ing CRMs varies widely. For instance, while the two E-boxes of the
Ngn1-responsive CRM at the deltaD locus act additively, only one of
the two E-boxes present in the mouse HEN1 promoter appears to be
induced by mis-expression of Ngn2 despite these two E-boxes having
the same sequence (Hans and Campos-Ortega, 2002; Seo et al., 2007).
There is also variation between the activity of the conserved couplets
of E-boxes in the Ngn-regulated CRMs of deltaD andDelta1, apparently
additive in the ﬁsh versus all-or-nothing in the mouse (Castro et al.,
2006; Hans and Campos-Ortega, 2002; Seo et al., 2007). The Ngn1
CRMwe have identiﬁed at the deltaA locus contains three E-boxes that
act in a non-redundant manner. However, despite our in vivo results
suggesting that each of the three E-boxes is required for transgene
activity, the capacity of each E-box to bind Ngn1/E12 heterodimers
in vitro is clearly different. Thus, while the middle E-box of the triplet,
Fig. 6. Speciﬁc DNA binding of Ngn1/E12 to the deltaA CRM.In vitro transcribed/translated Ngn1, Ascl1a and E12 were assayed by gel mobility shift assay (EMSA) for binding to a delA
probe or similar probes containing mutations in speciﬁc E-boxes. (A) Ngn1/E12 heterodimers bind to delA and an excess of cold probe efﬁciently competes this binding. Little
competition is detected with cold probes carrying mutations in the three E-boxes. (B) Different afﬁnities of Ngn1/E12 heterodimer binding for individual E-boxes are highlighted by
EMSA using delA probes carryingmutations in different pairs of E-boxes; while binding is strong to E4 (delAEm3/5), binding is poor to E5 (delAmE3/4) and virtually undetectable to E3
(delAEm4/5). (C) Different afﬁnities of Ngn1/E12 heterodimer binding to couplets of E-boxes are highlighted by EMSA using delA probes carrying mutations in individual E-boxes.
While Ngn1/E12 binding is strong to E4/E5 (delAEm3) and E3/E4 (delAEm5), binding is strongly decreased when E4 is mutated (delAEm4); binding is lost when the three E-boxes are
mutated (delAEm3–5) and the wildtype delA probe is bound more speciﬁcally by Ngn1/E12 than Ascl1a/E12.
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studies indicate that E4 interacts strongly with Ngn1/E12 hetero-
dimers while E3 interacts very weakly, if at all; the downstream E-box
(E5) binds with an intermediate afﬁnity. Based on our in vitro and
in vivo data, we propose a model for how Ngn1 regulates the deltaA
CRM (Fig. 7A, B). While the validity of this model could be addressed
using a Chromatin Immunoprecipitation based strategy combined
with the transgenic lines that we have established carrying E-box
mutations, such an approach will require the generation of suitable
antibodies against zebraﬁsh Ngn1.
Regulation of Delta1 in the mouse and deltaD in the zebraﬁsh is
achieved via distinct Ascl and Ngn CRMs (Beckers et al., 2000; Castro
et al., 2006; Hans and Campos-Ortega, 2002). The activation of these
CRMs by speciﬁc bHLH factors appears to be regulated at the level of
E-box preference. Indeed, a number of studies have highlighted
preferred E-box sequences for Ascl (CAGSTG) and Ngn (CANATG)
(Bertrand et al., 2002; Castro et al., 2006; Gohlke et al., 2008; Hans and
Campos-Ortega, 2002; Powell and Jarman, 2008; Powell et al., 2004;
Seo et al., 2007). In the case of Delta1/deltaD, interaction with a
POU-domain transcriptional co-factor is also required for activity of
the Ascl-responsive CRM. Nonetheless, consensus E-box sequences
remain primordial for speciﬁcity as this Ascl CRM can be rendered
Ngn-responsive by mutating the E-boxes to the Ngn consensus
(Castro et al., 2006). In our study, we show that deltaA is regulated via
two distinct E-box-containing CRMs in a manner similar to zebraﬁsh
deltaD and mouse Delta1. Furthermore, we show that the activity of
three clustered E-boxes is necessary for the Ngn1-responsive CRM to
function. While to our knowledge this represents a novel logic/
architecture for an Ngn CRM, the three E-boxes respect the emerging
consensus (two CAGATG and one CATATG E-boxes). Adding the three
deltaA E-boxes described in this study and the recently described E-
boxes regulated by Ngn2 at the mouse Rnd2 locus to the matrix of
conﬁrmed Ngn-responsive E-boxes allows the consensus to be further
reﬁned to CA(a/t/G)ATG (Fig. 7C; (Castro et al., 2006; Hans and
Campos-Ortega, 2002; Heng et al., 2008; Huang et al., 2000; Lin et al.,
2004; Oda et al., 2000; Smith et al., 2003). The two E-boxes in the−3.4to −2.9 kb fragment that are not responsive to Ngn1 mis-expression
(E1 CAATTG and E2 CACATG) do not conform to this reﬁned Ngn
consensus, coherent with the idea that responsiveness is in part
controlled by E-box preference.
Evidence from other proneural targets also indicates that modules
only containing multiple consensus-respecting E-boxes are not sufﬁ-
cient to provide complete transcriptional activity to proneural respon-
sive CRMs. Indeed, recent reports have highlighted the requirement of
non-bHLH cofactors for transcriptional regulation by members of both
theAtoandAscl families of proneural factors (Powell and Jarman, 2008).
Thus, while respecting the E-box consensus provides speciﬁcity to the
CRM, complete activity requires other factors such as members of the
POUdomain proteins in the case ofAscl1 or LIM-homeodomain proteins
in the case of Ngn2 andNeuroM(Castro et al., 2006; Lee and Pfaff, 2003).
Sequence analysis approaches have revealed binding sites for potential
co-factors that are statistically over represented in the genomic DNA
ﬂanking the E-boxes in proneural responsive CRMs but the functional
relevance of these ﬁnding has yet to be exhaustively explored (Gohlke
et al., 2008; Seo et al., 2007). Similarly, we have identiﬁed binding sites
for POU-domain and Sox family members in the immediate vicinity of
the 3 E-box CRM of deltaA. While the impact of these sites on Ngn1
regulation of deltaA remains to be explored, we have evidence that a
genomic fragment upstream of deltaA containing the three E-box motif
and POU/Sox binding sites is not sufﬁcient to drive faithful reporter
expression from a heterologous minimal promoter (RM and PB,
unpublished observations). A simple explanation would be that the
fragment tested is missing other closely linked cofactor binding sites.
Alternatively, the activity of this fragment could require a longer-range
interactionwith the endogenousdeltaApromoter. This idea is supported
by a recent study showing that in the zebraﬁsh there are signiﬁcant
differences in speciﬁcity of reporter expression driven by CRMs when
coupledwith thedifferentpromoters (Gehrig et al., 2009). In this regard,
it would be interesting to assay the activity of the deltaA CRM in mouse
embryos when coupled with a minimal promoter as proneural CRMs
clearly drive speciﬁc expression of reporters under these conditions
(Castro et al., 2006).
Fig. 7. A proposedModel for Ngn1 regulation of the deltaA CRM and other potential Ngn targets with a similar CRM.(A) In the ﬁrst instance, Ngn1/E12 heterodimers bind the E4 E-box
of the deltaA CRM (T1). Subsequently, E3 and E5 are bound but the orders remain unclear (T2). Finally, cofactors (in red) or the generic transcriptional machinery contact the Ngn1/
E12 bound CRM and activate transcription of deltaA (T3). (B) in vitro binding studies suggest that when either E3 or E5 are mutated, the remaining E-boxes are ﬁlled. However, when
E4 is mutated we predict that only E5 is bound. (C) Compiling Ngn-responsive E-box sequences from the literature and this study allows a CA(a/t/G)ATG consensus to be predicted as
a Ngn preferred E-box. (D) While a deltaA-like CRM architecture can be found ﬂanking 17 of 140 murine genes (highlighted in yellow) previously identiﬁed as potential Ngn targets
by transcriptome analysis, 6 zebraﬁsh orthologues (highlighted in blue) of these 140 genes also contain a deltaA-like CRM; 3 genes are found common to both mouse and zebraﬁsh
(red text).
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other potential Ngn targets, we asked if the genomic DNA ﬂanking
potential Ngn target previously highlighted by transcriptome analysis
in the mouse contains a similar CRM sequence (Gohlke et al., 2008;
Mattar et al., 2004). Of the 140 murine genes analysed, and where
possible their zebraﬁsh orthologues, we identiﬁed 23 loci (17 mouse
and 6 zebraﬁsh, with 3 common to both species) with a three
Ngn-type E-box CRM located within 20 kb upstream of the gene
(Fig. 7D). While further study will be necessary to address if these
potential CRMs are functional, the expression pattern of several of the
zebraﬁsh genes linked to these conserved motifs is down-regulated in
ngn1 mutant embryos and ubiquitously expressed in our Tg(hs:ngn1)
line after heat shock suggesting that they are bona ﬁde Ngn target
genes (RM and PB, unpublished observations).
Finally,while the relative position of theproneural-responsive CRMs
identiﬁed in this study, Ngn1 CRM distal and Ascl1a/b CRM proximal, is
conserved at the zebraﬁsh deltaD and mouse Delta1 loci and the deltaA
Ascl CRMdisplays high sequence identity with the corresponding CRMs
of deltaD and Delta1, no sequence similarity for the deltaA Ngn CRM is
detected at either the zebraﬁsh deltaD or mouse Delta1 loci (Beckerset al., 2000). The conservation of the Ascl CRM but not the Ngn1 CRM
between the two zebraﬁsh genes suggests that there is more ﬂexibility
with respect to how Ngns regulate gene expression than is the case for
Ascl family members. This increased ﬂexibility might underlie some of
the difﬁculties that have been encountered in predicting Ngn targets
based on conserved CRM/E-box criteria. On the other hand, the
conservation of the Ngn CRM between zebraﬁsh deltaD and mouse
Delta1 clearly indicates that there are constraints that have limited
sequence divergence of this CRM. While expression of deltaA is
restricted to the nervous system, deltaD and Delta1 are also expressed
in developing somites. It is possible that the overall regulatory network
necessary for expression in both neural and somitic domains of deltaD
and Delta1 has limited the sequence divergence at their corresponding
Ngn CRMs, a situation that does not exist at the deltaA locus. To test this
hypothesis, it would be interesting to see if the Ngn CRM of deltaD or
Delta1 can be functionally replaced with that of deltaA.
In conclusion, we have identiﬁed an Ngn1-responsive CRM at the
zebraﬁsh deltaA locus that functions via the non-redundant interac-
tion of three consensus Ngn E-boxes. To our knowledge, this
represents a novel mechanism of action for a proneural CRM and
207R. Madelaine, P. Blader / Developmental Biology 350 (2011) 198–207further studies will be required to see if this novel architecture is
functionally conserved at other Ngn targets. Furthermore, our results
indicate that there is more ﬂexibility in the manner by which Ngn
regulated target gene expression than for other proneural factors,
such as Ascl1. The signiﬁcance of this apparent ﬂexibility is unclear
and, thus, will also require further investigation.
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